Purpose: Using a novel technique based on phase locking value (PLV), we investigated the potential for features extracted from electrocorticographic (ECoG) recordings to serve as biomarkers to identify the seizure onset zone (SOZ). Methods: We computed the PLV between the phase of the amplitude of high gamma activity (80-150 Hz) and the phase of lower frequency rhythms (4-30 Hz) from ECoG recordings obtained from 10 patients with epilepsy (21 seizures). We extracted five features from the PLV and used a machine learning approach based on logistic regression to build a model that classifies electrodes as SOZ or non-SOZ. Results: More than 96% of electrodes identified as the SOZ by our algorithm were within the resected area in six seizure-free patients. In four non-seizure-free patients, more than 31% of the identified SOZ electrodes by our algorithm were outside the resected area. In addition, we observed that the seizure outcome in non-seizure-free patients correlated with the number of non-resected SOZ electrodes identified by our algorithm. Conclusion: This machine learning approach, based on features extracted from the PLV, effectively identified electrodes within the SOZ. The approach has the potential to assist clinicians in surgical decision-making when pre-surgical intracranial recordings are utilized.
Introduction
Surgical resection of the seizure focus is an effective treatment for patients with medically intractable focal epilepsy. Success of the surgery depends on the precise localization and complete resection of the epileptogenic seizure onset zone (SOZ). Accurate localization of the SOZ is crucial for both clinical management and understanding the mechanism of epilepsy. Currently, localization of seizure onset relies on the visual analysis of scalp electroencephalographic (EEG) or intracranial electrocorticographic (ECoG) recordings in low frequency bands.
Patients with focal lesions identified by magnetic resonance imaging (MRI) of the brain often can undergo surgery following favorable scalp EEG findings without intracranial EEG recordings [1] . However, scalp EEG recordings may be inadequate for precise localization of the SOZ in many patients and intracranial recordings are then necessary. The intracranial ictal EEG recordings provide information about seizure onset and propagation. Epileptologist typically inspect the ictal ECoG recordings visually, and look for signatures (e.g., low-voltage fast activity and rhythmic spiking) from individual electrodes at the time of seizure onset to determine the SOZ [2] . Considering the large number of implanted electrodes (typically 50 to 100 contacts), identifying the seizure onset by visual inspection of the ictal ECoG recordings is often time consuming and requires expertise [3, 4] . Furthermore, visual inspection of the ictal ECoG recordings to identify the SOZ can result in poor surgical outcome [3] . A study involving 414 patients who underwent intracranial electrode placement reported that visual inspection of the ictal ECoG recordings resulted in complete seizure freedom in 61%, 47%, and 42% of patients at one, three, and ten years after surgery, respectively [3] .
There is a need to identify reliable biomarkers that can accurately localize the extent of the ictal epileptogenic zone, thus assisting and improving visual identification of the SOZ. Recently, high frequency oscillation (HFO; gamma: 40-100 Hz, ripples: 100-200 Hz, and fast ripples: 250-500 Hz) of neural activities has been proposed as an indicator of seizure-generating sites [5] [6] [7] [8] [9] . It has also been demonstrated that HFO carries information distinct from that provided by low-frequency discharges [5] [6] [7] [8] [9] . Ripples have been found to coexist with various background EEG patterns [10] . Surgical resection of the areas generating ripples and fast ripples coexisting with flat background EEG activity has been found to significantly correlate with a seizure-free outcome [11] . Moreover, resection of areas generating ripples with a continuously oscillating background EEG pattern showed no positive correlation with post-surgical outcome [11] . It has been shown that HFOs are also present in intracranial EEG recording from normal brain regions and even in non-epileptic subjects [12] . The presence of theses physiologic events complicates the use of HFOs as biomarkers in epilepsy.
In light of these limitations, some studies have looked at the interactions between different rhythms to localize the seizure onset. Specifically, cross frequency coupling (CFC) in the form of modulation has been explored as predictive feature of seizures [13, 14] . Phase-amplitude coupling (PAC) occurs when the amplitude of a faster rhythm is coupled to the phase of a slower rhythm. Phase locking value (PLV) has been used to calculate the phase synchrony between two frequency bands [15] . Recently, CFC of ictal ECoG recordings was shown to characterize SOZ successfully [16] [17] [18] . In particular, it has been shown that PAC between the phase of low-frequency and amplitude of high frequency oscillations was more useful for localization of an epileptic focus than the amplitude of high gamma alone [16] . By employing microelectrode array recording, Weiss et al. [16] calculated PLV and phase locking high gamma (PLHG) measures to identify the SOZ. By adapting a threshold on PLHG, Weiss et al. could differentiate the core seizure territory (SOZ) from the surrounding penumbra.
The main aim of the this study was to develop and evaluate a method for identification of the SOZ using a machine learning approach based on biomarkers extracted from PLV of ictal ECoG recordings obtained using standard intracranial electrode arrays. We hypothesized that PAC between the amplitude of high frequency (80-150 Hz) and phase of low frequency (4-30 Hz), recorded from ECoG data immediately before and also after seizure onset, could be used as a biomarker to identify SOZ. We demonstrated that features extracted from the PLV could automatically classify the SOZ and non-SOZ electrodes.
Methods

Patient population
This was a retrospective study of 18 patients with epilepsy who underwent a Phase II epilepsy surgery evaluation with intracranial electrodes at Le Bonheur Children's Hospital. The patients were evaluated between August 2013 and July 2015 ( Table 1 ). Eight patients who had no resection after their Phase II evaluation or had less than six months follow up were excluded, leaving 10 patients (7 males, ages 23.0 AE 9.0 (mean AE SD) years) ( Table 1 ). All patients had a diagnosis of medically intractable epilepsy and underwent pre-surgical evaluation including scalp video-EEG monitoring and MRI of the brain. Seven patients had temporal lobe seizures and three patients had extra-temporal epileptogenicity. Four patients with the temporal lobe epilepsy underwent Phase II evaluation as they had normal MRI of the brain. Three patients with possible mesial temporal sclerosis (i.e. Patients 1, 4, and 5) needed a Phase II evaluation for localization of the seizure focus. Patient 4 had left mesial temporal sclerosis in addition to left thalamic and generalized white matter volume loss. MRI of the brain in patients 1 and 5 showed reduced hippocampal size without associated increased signal and their scalp EEG features didn't reveal a clear temporal lobe onset of seizures. Three patients with extratemporal lobe epilepsy (Patients 2, 9, and 10) also had findings necessitating a Phase II evaluation. Patient 2 had a suspected nonlesional dominant frontal lobe focus, Patient 9 had tuberous sclerosis complex with multiple tubers, and Patient 10 had a prior resection in addition to seizure origin being close to visual cortex. Subdural grid and strip electrodes (4.5 mm diameter; 10 mm inter-electrode distance; PMT Corporation, Chanhassen, MN, USA) were surgically implanted to cover the probable epileptogenic area and, if necessary, to study the relation between the epileptogenic area and functional cortex. The postsurgical follow-up periods ranged from 6 to 28 months.
Visual identification of SOZ and surgical outcome
The recorded ECoG data were independently assessed offline by two board certified epileptologists (JW and BM, co-authors of this paper) to clinically delineate the SOZs corresponding to each of 21 seizure instances in all patients (603 electrodes total). The SOZ was determined by the epileptologists based on visual inspection of ECoG at ictal onset and during early spread. In patients with multiple seizure foci, the visually identified SOZ (vSOZ) was a set of all electrodes responsible for all of the captured seizures. All patients underwent epilepsy surgery. The resection area was prospectively determined based on the vSOZ electrodes from ictal ECoG recordings. When necessary, the SOZ for resection could be modified, in relation to eloquent cortex location, identified by cortical stimulation mapping. Since this study was performed retrospectively, results of this study were not used to guide the surgical decisions.
Engel classification was used to classify the seizure outcome. Outcome was Engel Class I in six patients, Engel Class III in one patient, and Engel Class IV in three patients (Table 1) . We simplified the seizure outcome into two following groups for our analysis: Group I comprised the six Engels Class I patients who were completely seizure-free without auras for at least six months following surgery; Group II comprised the four non-seizure-free patients who all had improved seizure control, but were not seizure free.
ECoG recording, PLV calculation, and extraction of features
Subdural ECoG recordings were acquired using a standard clinical video EEG system (XLTEK, Natus Medical Inc., Pleasanton, CA, USA) with two additional subdural electrodes over brain regions without active discharges used as ground and reference electrodes. The ECoG data were recorded at 1 kHz after bandpassfiltering at 0.1-300 Hz. We used a bipolar montage with pairs of two adjacent electrodes after excluding those with artifact.
Our analysis is based on the PLV, which is a measure of crossfrequency coupling of phase synchronization [19] . It has been demonstrated that the PLV between the phase of low frequency (4-30 HZ) and the phase of the Hilbert transform of high gamma frequency (80-150 HZ) correlated strongly with multi-unit firing bursts within the core territory of the seizure, and thus it has been proposed as a reliable biomarker for identifying the SOZ [16, 20] . PLV was calculated as:
where ' 4À30 is the instantaneous phase of the ECoG signal in 4- After applying a notch filter at 60 Hz and 120 Hz on the ECoG data, we calculated PLV during two time intervals: 1) a five-minute inter-ictal time window; 2) a five-minute pre-and post-ictal time window with the midpoint at the ictal onset identified visually by two epileptologists. During the baseline period, patients were instructed to be at rest with eyes-open while they were awake without any sign of drowsiness. By visually inspecting the ECoG signal during the baseline period, we selected 60-s time segments without eye blink and interictal epileptiform discharges or excess slow waves. Then we calculated mean (m b ) and standard deviation (s b ) of the PLV during this 60-s baseline and used these values in our feature extraction algorithm. After calculating PLV in the fiveminute pre-and post-ictal time window, we used features extracted from the value of PLV in a 30 to 10 s time window before the seizure onset in our algorithm. We also used the values of PLV from seizure-onset to seizure-offset as a feature in our algorithm. The seizure-offset was visually identified by two epileptologists (JW and BM).
Previous studies reported that high frequency oscillations, in high gamma and other frequency bands, during several seconds prior to clinical seizure onset can identify the SOZ [21, 22] We observed that the PLV (between amplitude of high gamma and phase of lower rhythms) was enhanced prior to clinical seizure onset in vSOZ electrodes. In agreement with Weiss et al. [16] , we also observed enhancement of the PLV in some vSOZ electrodes. Furthermore, we found that enhancement of the PLV in a 30 s to 10 s pre-ictal period can efficiently separate vSOZ electrodes from non-vSOZ electrodes. By investigating different features extracted from PLV before and after ictal onset, we found that a combination of four features extracted from pre-ictal PLV and one feature extracted from PLV after ictal onset can optimally identify vSOZ. Our algorithm for identifying the SOZ was based on the five features described below. The first four features were extracted based on the value of PLV in 30 to 10 s time window before the seizure onset. The last feature was calculated based on the value of PLV from seizure onset to seizure offset. These features were selected based on our investigation of the values of PLV in resected and non-resected electrodes in seizurefree patients (Fig. 1) . In addition, Malinowska et al. [23] used a similar features based on HFO to identify SOZ electrodes. As shown in Fig. 1 in [23] , three features (i.e. Duration of PLV positive, PLV peak, and PLV mean) used in this study are very similar to the features proposed by Malinowska et al., and the only difference is that we used time course of the PLV and they utilized time course of the HFO for calculation of these features. Histogram of the PLV in a seizure-free patient is shown in Fig. 2 . We investigated the histogram of PLV in all seizure-free patients to find a value for threshold, and found that 6 Â s b provided an optimal compromise between the false positive and true positive rates. Fig. 1 shows PLV of resected and non-resected electrodes in seizure-free patients. As shown in this figure, the value of PLV before seizure onset was generally larger in resected electrodes than in non-resected electrodes. In seizure-free patients, the peak and power of PLV after seizure onset were larger in resected electrodes than in non-resected electrodes. Fig. 1c shows the average of PLV across all seizure instances in seizure-free patients (Patients 1-6). As shown in this figure, both peak and mean power of PLV were larger in resected electrodes than non-resected electrodes. We used these characteristics of the PLV to extract the above five features for identification of the SOZ electrodes. We named the identified SOZ electrode by our algorithm as aSOZ (i.e. algorithm positive SOZ) hereafter. 
Classification of SOZ electrodes
In seizure-free patients, the resected area (RA) comprised the SOZ and all electrodes outside of the RA are not SOZ. In our machine learning approach, we classified subdural electrodes in seizure-free patients in to two classes: resected electrodes in Class 1 and non-resected electrodes in Class 2. We trained and crossvalidated a logistic regression classifier to classify each electrode in seizure-free patients in to two classes. The logistic regression has been used in previous studies to differentiate interictal and ictal HFOs and also classify the brain recording's patterns [24] [25] [26] . In seizure-free patients, we defined electrodes in Class 1 as aSOZ and the rest of electrodes as non-aSOZ (Class 2). There were 140 resected electrodes (Class 1) and 252 non-resected electrodes (Class 2) in seizure-free patients. We calculated five aforementioned features, extracted from the PLV, in all electrodes in seizurefree patients and trained and cross-validated the logistic regression classifier based on these features. We implemented the logistic regression using L1 regularization and a grid search for the regularization parameters within a logarithmic range of 10 À2 -10 3 , and then validated the classifier using a 10 fold cross-validation approach. We performed the receiver operating characteristic (ROC) analysis to evaluate performance of the classifier in seizurefree patients. Finally, we tested performance of the trained logistic regression classifier to identify aSOZ electrodes in non-seizure-free patients (211 electrodes in Patients 7-10).
Correlation between seizure outcome and resection of aSOZ electrodes
We calculated the seizure outcome as:
Seizure outcome ¼ number of seizures bef ore surgery À number of seizures af ter surgery number of seizures bef ore surgery where number of seizures represents the average number of seizures per month pre-and post-operatively. Then we calculated the correlation between the seizure outcome and the number of non-resected aSOZ electrodes in non-seizure-free patients.
Results
Clinical data were reviewed and analyzed for 10 patients who underwent resection following a Phase II evaluation during the study period. The demographics of the patients along with characteristics of their epilepsy, pathology, and outcome are presented in Table 1 . Six patients had temporal lobe seizures and four patients had extra-temporal lobe seizures. Their follow up duration ranged from six to 28 months. Fig. 3 shows the locations of SOZ electrodes and the resected areas in all patients. Our algorithm identified 54 aSOZ electrodes in six seizure-free patients and 52 of those electrodes (96%) were within the resected area ( Table 2 ). All aSOZ electrodes were within the resected area in five of the six seizure-free patients; there was no false positive SOZ electrode in these patients. In the remaining seizure-free patient (Patient 6), the proposed algorithm found eight aSOZ electrodes, six within the resected area and two were false positive and located outside the resected area (Table 2) . Fortyseven electrodes were identified visually (by the two epileptologists) as vSOZ in seizure-free patients and our algorithm detected 28 of those electrodes as aSOZ. The ROC curve of the proposed classifier in seizure-free patients is plotted in Fig. 4 -a. The areas under ROC curve was 69%. The accuracy and precision of the classifier were 83% and 90%, respectively.
Our algorithm identified 62 aSOZ electrodes in non-seizure-free patients (Patients 7-10), with 43 (69%) of the electrodes located within the resected area and 19 (31%) outside of the resected area ( Table 2 ). Forty electrodes were identified visually (by the two epileptologists) as vSOZ in non-seizure-free patients, and our algorithm detected 20 of those electrodes as aSOZ. It is noteworthy that nine electrodes in non-seizure-free patients were aSOZ while these electrodes were not vSOZ and they were outside of the resected area.
After comparing the seizure frequency before and after surgery in non-seizure-free patients, we found that Patients 7, 8, and10 who were Engle Class IV had higher postsurgical seizure frequency compared to Patient 9 who was Engle Class III. It is notable that Patient 9 had the smallest number of non-resected aSOZ electrodes among the non-seizure free patients. Patient 8 had up to three seizures per month before surgery and her seizure frequency was decreased to one or two seizures per month after surgery. In Patient 8, our algorithm identified four aSOZ electrodes outside of the resected area, and two of those electrodes were vSOZ but not resected due to an overlap with eloquent cortex. Patient 10 had up to four seizures per day before surgery and improved to less than three seizures per week after surgery. Our algorithm identified six electrodes outside of the resected area in this patient, three of which were visually detected by the epileptologist, but not resected. Fig. 4b illustrates the correlation between the number of aSOZ electrodes beyond the resected area and the seizure outcome in four non-seizure free patients. As shown in this figure, poorer seizure outcome corresponds to a larger number of non-resected aSOZ electrodes.
Discussion
Results of this study revealed that the PLV between the amplitude of high gamma and the phase of lower frequency of ictal ECoG recordings can identify SOZ electrodes. Previous studies have investigated application of PAC and PLV using different combination of frequency bands to characterize ictal and interictal states [17, 27, 28] . Results of these studies demonstrated that coupling between frequency bands of ECoG is useful for detection of seizure onset. Some studies reported that coupling between different frequency bands allow characterization of seizures and mechanism of the epileptiform discharges, and suggested that the spatial distribution of coupling can be useful in surgical-decision making [17] . Although previous studies reported the significance of amplitude of high gamma in seizure detection [7, 22, 29, 30] , results of some recent studies demonstrated that PAC characterizes epileptiform activity more accurately than the amplitude of high gamma frequencies [16, 31] . In this study, we applied PAC to distinguish SOZ and non-SOZ electrodes using ictal ECoG recordings.
As shown in Fig. 3 , the aSOZ electrodes in non-seizure-free patients were both within and outside of the resected area. The fact that our algorithm identified some aSOZ electrodes within the resected area in all non-seizure-free patients may correspond to improvement of seizure in these patients after surgery. On the other hand, some aSOZ electrodes were outside the resected area in all non-seizure-free patients, and we hypothesis that the failure to resect the area underneath of these electrodes resulted in a nonseizure-free status in these patients. It is noteworthy that most of non-resected vSOZ electrode in non-seizure-free patients were also aSOZ. Since these electrodes were overlapping or adjacent to eloquent cortex, a decision was made not to resect those electrodes, even though there was concern that they were involved in seizure onset.
Some aSOZ electrodes were outside the resected area in nonseizure-free patients, though we cannot specify those electrodes as true positive or false positive. However, the following findings indicate that those electrodes are likely true positive: 1) The nonresected aSOZ electrodes were close to the resected area. This may correspond to the fact that seizure intensity reflects the degree of its consecutive development and engagement from an original epileptogenic core area to the secondary or adjacent areas [32] ; 2) In seizure-free patients, using the same method applied in nonseizure-free patients, only two out of 54 aSOZ electrodes were outside of the resected area; 3) We found a correlation between the number of non-resected aSOZ electrodes and the seizure outcome (Fig. 4b) .
Conclusion
We developed and evaluated a method to identify SOZ in patients with epilepsy using ictal ECoG recordings. To this end, we extracted five features based on the phase coupling between higher frequency (80-150 Hz) and lower frequency (4-30 Hz) rhythms. We identified SOZ electrodes using a machine learning approach based on the logistic regression classifier. We found that almost all (more than 96%) of the aSOZ electrodes were within the resected area in seizure-free patients. Furthermore, the proposed algorithm found 31% of aSOZ electrodes outside of the resected area in non-seizure-free patients. In addition, we demonstrated that the seizure outcome in non-seizure-free patients correlated with the number of non-resected aSOZ electrodes. The approach in this study could assist in identification of the SOZ, and as such may enhance the standard clinical procedure of visual inspection. This has the potential to improve seizure-free outcomes, and we believe it should be included in the surgical decision-making process when intracranial electrodes are utilized. Further study using larger number of patients would confirm our findings.
